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IMTRODUCT ION 

A regenerable sorbent  f o r  removing s u l f u r  from hot fue l  gas was developed 
a t  Ba t t e l l e ,  Pac i f ic  Northwest Laboratories by supporting molten carbonates in 
porous ceramic p e l l e t s .  Recent development work has shown t h e  sorbent t o  be a 
promising candidate t o  meet t h e  s t r ingent  cleanup requirements f o r  coal 
gas i f ica t ion  molten carbonate  fuel c e l l  power p lan ts  while allowing elemental 
s u l f u r  recovery and maintaining high power production eff ic iency.  Solid 
supported molten s a l t  (SSMS) d i f f e r s  from other  methods of  hot gas cleanup i n  
tha t  the react ion products dissolve i n  t he  molten carbonate matrix resu l t ing  
i n  a t h e o r e t i c a l l y  unlimited extent of  contaminant removal. If only a s o l i d  
react ion product i s  formed, removal cannot proceed below the level a t  which 
the contaminant in  the  cleaned gas i s  i n  equilibrium with t h a t  so l id .  At the 
clean end of an SSMS absorber  the concentrat ions of react ion product su l f ides  
and chlor ides  i n  t h e  sorbent  approach zero and the concentration of 
contaminants i n  the cleaned gas  can a l s o  approach zero. 
l imited only by t h e  s i z e  of t h e  bed, mass t r a n s f e r  e f f ic iency  and the  degree 
of regeneration. 

The approach i s  

This paper begins by presenting the background and the overa l l  approach 
and scope of the recent  developmental e f f o r t .  Nore d e t a i l  i s  then given on 
equilibrium measurements, mass t r a n s f e r  performance and modeling of the H2S 
absorption and regenerat ion s teps .  
process flowsheet development and prel  iminary economics. 

The paper c loses  with a discussion of  

BACKGROUND 

The revers ib le  reac t ion  of  H2S w i t h  molten carbonates has been under study 
a t  Bat te l le  Northwest s ince  1974 ( 1 ) .  

MC03 ( c )  + H2S(g) = MS(P,) t C02(g) t H20(g), 

Where "MI' represents  L i  2, Na2. K2 o r  Ca. 

1 )  

A process was f i r s t  developed based on continuous, countercurrent  gas 
l iqu id  contacting (2). Absorption of H2S and par t icu la tes ,  deentrainment and 
regeneration of  the carbonate  were demonstrated i n  a process development uni t  
(PDU) operating w i t h  gas  from an a i r  blown, fixed-bed coal g a s i f i e r .  
ventur i  s c r ~ b b e r  provided the f i r s t  sulfiii- absorption s tage and a l s o  
c i rcu la ted  the molten s a l t  between bubble-cap absorption and s t r ipp ing  
columns. 
h o t .  corrosive molten s a l t  i n  a countercurrent contactor  led 20 severe 
equipment problems, and operat ion was never sustained fo r  more than a few 
hours a t  a time. 

A 

In the l a t t e r ,  steam and C02 were used t o  recover H S. Use of  the 
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The SSMS concept was developed as a p r a c t i c a l  means f o r  hand l i ng  t h e  
c o r r o s i v e  molten carbonates (3). Several ceramics were i n v e s t i g a t e d  as 
p o t e n t i a l  supports. L i t h i u m  a luminate was chosen f o r  chemical s t a b i l i t y  and 
f o r  ease o f  f a b r i c a t i o n  o f  strong, porous p e l l e t s .  Use i n  a c y c l i c a l l y -  
operated f ixed-bed a l l owed  t h e  advantages o f  a g a s - l i q u i d  e q u i l i b r i u m  system 
t o  be e x p l o i t e d  through breakthrough behav io r  r a t h e r  than coun te rcu r ren t  
contact ing.  
cyc les  o f  up t o  7 hours du ra t i on .  
demonstrated up t o  99.5% s u l f u r  removal (adequate f o r  t h e  combined c y c l e  
a p p l i c a t i o n  under s tudy )  from a feed gas c o n t a i n i n g  1X H2S and produced 
regenera t i on  gases c o n t a i n i n g  up t o  50% H S on a d r y  basis. 
t h a t  COS was generated d u r i n g  abso rp t i on  greakthrough and regenera t i on  i n  
amounts c o n s i s t e n t  w i t h  e q u i l i b r i u m  by t h e  gas phase r e a c t i o n :  

Operat ion was r e l a t i v e l y  t r o u b l e - f r e e  w i t h  bench-scale abso rp t i on  
Laboratory  and bench-scale t e s t i n g  

The t e s t s  showed 

H2S(g) + CO2(g) = H20(9) + COS(g), 

2c02(g) t M S ( t )  = M C 0 3 ( t )  + COS(g), 

2) 

which cou ld  no t  be d i s t i n g u i s h e d  from t h e  d i r e c t  regenera t i on  r e a c t i o n :  

3) 

The same study i d e n t i f i e d  redox r e a c t i o n s  i n v o l v i n g  H2 and CO which may 
i n v o l v e  severa l  o x i d a t i o n  s t a t e s  o f  s u l f u r  such as p o l y  s u l f i d e s  or s u l f i t e s  
b u t  can be cha rac te r i zed  by: 

nC02(g) t (4-n) H20(g) + M S ( t )  = MS04(t) + nCO(g) t (4-n) H2(g). 4) 

Where n = 0, 1, 2 ,  3 o r  4. It was found t h a t  H2 o r  CO had t o  be i nc luded  i n  
the  regenerat ion feed  gas t o  a v o i d  l e a v i n g  t r a c e s  o f  o x i d i z e d  s u l f u r  i n  t h e  
bed t h a t  would be reduced d u r i n g  t h e  subsequent abso rp t i on  con tamina t ing  t h e  
product  gas be fo re  breakthrough. 

DEVELOPMENT FOR PRESSURIZED FUEL CELLS 

The mol ten carbonate f u e l  c e l l  a p p l i c a t i o n  addressed by t h e  r e c e n t  s tudy 
requi res:  
t h e  abso rp t i on  e q u i l i b r i u m ,  Equation 1: 2 )  design f o r  removal t o  l e s s  than 1 
ppm through m u l t i p l e  cyc les:  3) removal o f  COS and HC1 as w e l l  as H2S; and 4) 
design f o r  an a i r -b lown  g a s i f i e r  making t h e  H2 and CO needed t o  a v o i d  
ox ida t i on ,  Equation 4, a v a i l a b l e  o n l y  i n  streams d i l u t e d  w i t h  n i t rogen .  

Laboratory  e q u i l i b r i u m  experiments t o  o p t i m i z e  s a l t  composi t ion,  bench 

1 )  opera t i on  a t  e leva ted  p ressu re  which has a d e t r i m e n t a l  e f f e c t  on 

sca le  experiments t o  e s t a b l i s h  mass t r a n s f e r  performance and model ing e f f o r t s  
were d i r e c t e d  p r i m a r i l y  toward t h e  f i r s t  two requirements. 
discussed i n  more d e t a i l  l a t e r  i n  the  paper. 

Resu l t s  w i l l  be 

The t h i r d  requi rement  was addressed by i n c l u d i n g  COS and HC1 i n  feed gases 
The method used f o r  and by a few experiments d i r e c t e d  s o l e l y  a t  HC1 behavior .  

e f f l u e n t  COS (4)  a n a l y s i s  had a d e t e c t i o n  l i m i t  o f  1 t o  10 ppm depending upon 
exper imenta l  cond i t i ons .  Removal from 1000 t o  l e s s  than 10 ppm was 
demonstrated i n  most cases b u t  i n  severa l  cases COS was de tec ted  i n  absorber 
e f f l u e n t  a t  more than 1 ppm when H2S l e v e l s  were lower. Because o f  t h e  h i g h  
d e t e c t i o n  l i m i t s ,  r e s u l t s  a r e  n o t  conc lus i ve  b u t  COS removal may be s lower  
than H2S under some cond i t i ons .  
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Hydrogen c h l o r i d e  removal occurs by c h l o r i d e  format ion:  

2HCl(g) + MCO3(L) = 2MCl(L) + H20(g) + COZ(g). 5) 

which has an e q u i l i b r i u m  s h i f t e d  w e l l  t o  t h e  r i g h t  under h o t  cleanup 
cond i t i ons .  E q u i l i b r i u m  t e s t s  conf i rmed t h e  thermodynamics and removal from 
200 t o  less than 1 ppm was demonstrated i n  seve ra l  t e s t s .  Because o f  the h igh 
e q u i l i b r i u m  convers ion  by Equat ion 5. no regenera t i on  t e s t s  d u r i n g  
r e p r e s e n t a t i v e  s u l f u r  c y c l e s  achieved h i g h  enough HC1 concen t ra t i ons  f o r  
p r a c t i c l e  c h l o r i d e  removal. A separate method f o r  HC1 regenera t i on  appears 
necessary. 
a d d i t i o n a l  study. 

The behav io rs  o f  c h l o r i d e s  and COS i n  t h e  SSMS system b o t h  r e q u i r e  

The f o u r t h  f u e l  c e l l  a p p l i c a t i o n  requi rement  was addressed by us ing  
n i t r o g e n  d i l u t e d  feed  gas such as would be a v a i l a b l e  i n  an a i r -b lown 
g a s i f i c a t i o n  p lan t .  Thermodynamic c a l c u l a t i o n s  ( 4 )  based on pub l i shed  data 
(5, 6, 7) i n d i c a t e d  5 t o  10% CO + H2 i s  r e q u i r e d  t o  avo id  o x i d a t i o n  (Equation 
4)  d u r i n g  regenera t i on .  
adequate. Because t h e  e x a c t  l e v e l  used does a f f e c t  process e f f i c i e n c y ,  a 
d i r e c t  s tudy o f  Equat ion 4 would e v e n t u a l l y  be necessary f o r  commercial 
design. 

About 10% was used throughout  and found t o  be 

EQUILIBRIUM MEASUREMENTS 

The s u l f i d e / c a r b o n a t e  e q u i l i b r i u m  was measured i n  v a r i o u s  m i x t u r e s  o f  
mo l ten  L i .  Na, K and Ca carbonates t o  s e l e c t  an optimum composi t ion f o r  use i n  
t h e  MCFC a p p l i c a t i o n .  

APPARATUS AND METHODS: A pressure-capable exper imenta l  apparatus was designed 
and cons t ruc ted  f o r  use i n  bo th  e q u i l i b r i u m  and subsequent bench-scale mass 
t r a n s f e r  t e s t s .  Gases (metered i n t o  t h e  system under c y l i n d e r  p ressu re )  and 
water (pumped i n t o  a steam generator  by a h i g h  pressure feed pump) were used 
t o  generate s imu la ted  c o a l  gas o f  t h e  d e s i r e d  composit ion. 
me te r ing  t h e  f u e l  gas. contaminant  and steam streams i s  es t ima ted  t o  have been 
- +5% o r  l ess  o f  each component. 
pressure vessel  ( r a t e d  f o r  250 p s i g  a t  1600°F) and was heated by ceramic f i b e r  
heaters. 
o r  s o l i d  supported m o l t e n  carbonate. Smal ler  tubes sealed through t h e  top 
f l ange  p rov ided  a thermowel l  and access t o  t h e  t h i m b l e  through i t s  loose 
f i t t i n g  l i d .  A sma l l  n i t r o g e n  purge i n t o  t h e  p i p e  assured t h a t  system gases 
remained i n s i d e  t h e  alumina. Heat t raced,  t e f l o n  l i n e d  tubes conducted 
e f f l u e n t  gas t o  s t a i n l e s s  s t e e l  scrubbers where c i r c u l a t i n g  sodium hydrox ide 
s o l u t i o n s  condensed steam and absorbed contaminants f o r  ana lys i s .  
s o l u t i o n s  were moni tored f o r  s u l f i d e  by s p e c i f i c  i o n  po ten t i omet ry  g i v i n g  an 
e f f e c t i v e  d e t e c t i o n  l i m i t  o f  0.5 ppmv f o r  H2S. A letdown va l ve  a f t e r  the 
scrubbers p rov ided  p r e s s u r e  c o n t r o l .  Gas samples were taken downstream o f  the 
va l ve  and analyzed by gas chromatography. Using t h e  known composi t ion o f  the 
fue l  gas 8s a standard. changes i n  t h e  CO/H2 r a t i o  and t h e  CG + H 
were measured. 
and CO + Hp balance a r e  o n l y  considered accu ra te  t o  210%. 

E q u i l i b r i u m  measurements were performed by m e l t i n g  t h e  d e s i r e d  s a l t  
conlposit ion i n  t h e  th imb le ,  l oad ing  i t  w i t h  H2S. purg ing  s imu la ted  f u e l  gas 

Accuracy o f  

A s e c t i o n  o f  I n c o l o y  800H p i p e  served as a 

An alumina t h i m b l e  suspended i n s i d e  the p i p e  con ta ined  f r e e  l i q u i d  

The 

balance 
Because o f  d r i f t  i n  t h e  CO response f a c t o r  t h e  CO?H2 r a t i o s  
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through t h e  mol ten l i q u i d  and measuring t h e  e f f l u e n t  gas compos i t i on  as a 
func t i on  o f  t h e  s u l f i d e  con ten t  determined b y  m a t e r i a l  balance. 
v i t h o u t  H2S o r  w i t h  s l i g h t l y  more than  t h e  expected e f f l u e n t  l e v e l  was used t o  
check approach t o  e q u i l i b r i u m  f rom below o r  above. E q u i l i b r i u m  cons tan ts  were 
c a l c u l a t e d  assuming i d e a l  gas and l i q u i d  s o l u t i o n s .  

RESULTS: 
different s a l t  m ix tu res  (Table 1) a t  atmospheric pressure. 
composi t ion used by Moore e t .  a l .  (8 )  and Stegen ( 3 )  as unsupported and 
supported sorbents  r e s p e c t i v e l y  a t  atmospheric pressure.  
carbonate sorbent  represents  a p o s s i b l e  source o f  contaminat ion t o  a Li /K- 
e u t e c t i c  f u e l  c e l l .  The e l i m i n a t i o n  o f  sodium was t e s t e d  w i t h  s a l t  n i x  #2. 
Higher  ca l c ium and lower  l i t h i u m  con ten ts  were t e s t e d  w i t h  s a l t  m ix  #3 and 
s a l t  mix #4, respec t i ve l y .  A d j u s t i n g  t o  750°C and averaging g i v e s  K, = 1.6, 
1.7, 2.0 and 1.8 a l l  2 0.2 atni f o r  s a l t  mix  #l, #2. #3 and #4. r e s p e c t i v e l y .  
It i s  apparent t h a t  t h e  s u l f i d e / c a r b o n a t e  e q u i l i b r i u m  i s  r e l a t i v e l y  
i n s e n s i t i v e  t o  t h e  c a t i o n  mix. 

Purge gas 

Screening experiments f o r  s u l f i d e  c a p a c i t y  were completed w i t h  f o u r  
S a l t  mix  #1 i s  t h e  

Sodium i n  t h e  mixed 

' 

TABLE 1. Carbonate M ix tu res  Screened f o r  S u l f i d e  Capacity, mole x 
L i  CO -2-3 S a l t  Mix  Na CO -2-3 K CO -2-3 CaC03 

1 37.5 23.4 19.3 19.8 
2 48.9 0 25.2 25.8 
3 35.1 0 33.8 31.1 
4 23.3 0 53.9 22.9 

F igu re  1 shows t h a t  ca l c ium con ten t  can be used t o  c o r r e l a t e  t h e  r e s u l t s  
o f  t h i s  work w i t h  t h e  ca l c ium- f ree  r e s u l t s  o f  Moore. Moore's da ta  w i t h  
ca lc ium showed a low temperature dependence r e l a t i v e  t o  pu re  component 
thermodynamics. A l though pure component s o l i d  thermodynamic da ta  (5 )  would 
i n d i c a t e  a s t ronger  e f f e c t  o f  calc ium, t h e  h i g h  es t ima ted  m e l t i n g  p o i n t  f o r  
Cas (2725K. 9) r e l a t i v e  t o  CaCO (1500K. 10) apparen t l y  l eads  t o  lower  
r e l a t i v e  s t a b i l i t y  i n  t h e  l i q u i a  phase. 
subcooled l i q u i d  range, assuming e n t r o p i e s  o f  f u s i o n  a t  r e p o r t e d  (5, 9, 10) 
m e l t i n g  p o i n t s  f o r  Li2S, CaC03 and Cas o f  5. 6 and 6 cal/degree/mole and 
assuming constant  l i q u i d  hea t  c a p a c i t i e s  o f  22. 33 and 16 cal/degree/mole 
respec t i ve l y ,  a l l ows  t h e  c a l c u l a t i o n  o f  pu re  component e q u i l i b r i u m  constants  
f o r  Reaction 1. These a r e  compared w i t h  t h e  f u l l  range o f  exper imenta l  da ta  
f rom t h i s  work i n  F i g u r e  2. 
p robab ly  r e f l e c t  t h e  s t a b i l i t y  o f  t h e  i n t e r - a l k a l i  carbonate e u t e c t i c s .  
A l though F igu re  2 would i n d i c a t e  a lower  a c t i v i t y  f o r  ca l c ium than  potassium, 
t h e  c o r r e l a t i o n  o f  F i g u r e  1 apparen t l y  shows t h a t  ca l c ium s u l f i d e  i s  
r e l a t i v e l y  more s t a b l e  i n  t h e  carbonate m a t r i x  t han  t h e  a l k a l i  meta l  
su l f i des .  
p o s s i b i l i t y  b u t  was judged u n l i k e l y  a t  t h e  l ow  s u l f u r  concen t ra t i ons  ( l e s s  
than  3 mole%) used i n  t h e  screening s tud ies .  

P r o j e c t i n g  data f rom (5 )  i n t o  t h e  

The lower  cons tan ts  found f o r  mixed carbonates 

P r e c i p i t a t i o n  o f  s o l i d  ca l c ium s u l f i d e  cannot be e l i m i n a t e d  as a 

SENCH SCALE MASS TRANSFER EXPERIRENTS 

Mass t r a n s f e r  d a t a  on t h e  abso rp t i on / regenera t i on  c y c l e  were ob ta ined  by 
experiments w i t h  packed beds o f  s o l i d  suppor ted sorbent.  
overv iew o f  r e s u l t s  a r e  presented here. Resu l t s  a r e  d iscussed i n  more d e t a i l  
i n  connect ion w i t h  t h e  mass t r a n s f e r  model. 

Wethods and an 

t 
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METHODS: Porous, l i thium aluminate ceramic p e l l e t s  (1.4 t o  2.8 mm s i z e  range) 
m b r i c a t e d  by methods developed in previous work (3) .  The p e l l e t s  were 
loaded close t o  sa tura t ion  with molten s a l t  (0.36 t o  0.429 of s a l t  per b u l k  cc 
of sor9ent). In the apparatus  already described a ceramic thimble o f  4.6 or 
9.1 cm cross  sect ion served as  a n  absorber. The smaller thimble was f i l l e d  
w i t h  a 25 cm bed of p e l l e t s .  The la rger  thimble was operated a t  b o t h  25 and 
50 cm depths. Sorbent was supported on dense alumina beads (1/16 i n .  
diameter) and, a t  the  50 cm depth, topped w i t h  a layer  of the same beads t o  
provide gas d i s t r i b u t i o n .  

For each absorption experiment t h e  bed was brought t o  temperature and 
pressure under a ni t rogen atmosphere, a simulated coal g a s  flow s t a r t e d ,  
contaminant g a s  added and e f f l u e n t  concentrat ion monitored as a function of 
time by methods described e a r l i e r  under "Equilibrium Measurements. I' For 
regenerations, temperature was adjusted (general ly  100°C cooler)  and a C02-H20 
r ich fuel gas fed i n  t h e  opposite d i rec t ion .  

RESULTS: Sorbents w i t h  two d i f f e r e n t  s a l t  compositions were tes ted  i n  the  
smaller absorber. T h e  f i r s t ,  Li S6K0 54Ca 2C03. selected from the  
equilibrium r e s u l t s ,  demonstrateg'poor'mass' ransfer  (broad breakthrough 
curves). A low-calcium composition, L i  l K o  $Cao 1C03. showed b e t t e r  mass 
t r a n s f e r  performance and was used f o r  a l l  te9 s i h  the  la rger  absorber. 
was postulated t h a t  t h e  high-calcium s a l t  p rec ip i ta ted  s o l i d  calcium s u l f i d e  
which in te r fe red  w i t h  both absorption and regeneration. 

I t  

After thorough regenerat ion,  b o t h  s a l t  compositions removed H2S t o  l e s s  
t h a n  1 ppin with the length of time before breakthrough ("breakthrough time") 
limited by equilibrium and mass t r a n s f e r  e f f e c t s .  Incomplete regeneration 
fur ther  shortened breakthrough time and/or added a background level  of H2S 
before breakthrough. Project ing breakthrough curves t o  one half the i n l e t  
H2SS '  concentration checked with "equilibrium times" f o r  sa tura t ion  of the bed 
w i t h  feed gas ca lcu la ted  from r e s u l t s  of the  equilibrium measurements. 
Similar treatninet of low-calcium r e s u l t s  allowed the  estimation of 
thermodynamic constants .  Table 2, f o r  the carbonate/sulf ide equilibrium which 
are  consis tent  w i t h  Figure 1 and with mass t r a n s f e r  r e s u l t s  over the range 
studied. 

TABLE 2. Thermodynamic Constants f o r  Reaction 1 (900 t o  llOO°K, 1 t o  15 atm) 

S a l t  Li. 86K. 54Ca0. jC03 Li 1.1 KO. -ICaO. lC03 
Heat of Reaction 26K cal/mole 27K cal/mole 

En t ropy  of Reaction 26.8 cal/mole-K 26.4 cal/mole-K 

Varying space ve loc i ty  and gas composition changed the breakthrough and 
equilibrium times b u t  t h e  general shape of the  breakthrough curves remained 
the same. 
cmpleted w j t h  the  same half o r  f u l l  load of sorbent in the la rger  absorber. 
Space ve loc i t ies  from 300 t o  2300 per hour ,  absorption temperatures of 750 and 
800°C, pressures of 100 and 180 p s i g  and several  l eve ls  of steam-carbon 

A t o t a l  of 16 absorption and regeneration experiments were 

* ac tua l ly ,  1/2 i n l e t  H S + COS m i n u s  equilibrium COS for  t h a t  concentration. 2 

c 
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dioxide back pressure were tested. 
laboratory and bench scale results obtained in this study has been reported 
elsewhere (4). 

A complete presentation and discussion of 

MASS TRANSFER MODEL 

Having shown the significant effect of mass transfer resistance on 
breakthrough time for SSMS cleanup under the desired conditions, a 
quantitative treatment was developed as a basis for design and optimization. 
It was found that simple two-film mass transfer theory used with the 
equilibrium expressions presented earlier gave a good representation of both 
absorption and regeneration behavior. The mass transfer equation: 

N = k a(y-yi) = k a(x.-x), 9 P i  
must be solved in an unsteady state material balance framework: 

Edy/dt + pbdx/dt + Gdy/dh = 0 7 )  

In these expressions: N = interphase molar flux per unit volume, k and k = 
gas and pellet mass transfer coefficients, a = surface area per uni? volumg, y 
and x = gas and liquid mole fractions with the subscript "i" representing 
interface concentrations (assumed at equilibrium), E = void fraction, t = 
time, ob = molar density of liquid (salt) in the bulk pellets, G = superficial 
molar velocity of gas and h = distance through the bed. 

Rigorous analytical solutions of Equation 7 are possible (11) but 
restricted to linear equilibrium and simple boundary conditions. For the non- 
linear equilibrium that results from Equation 1 and the arbitrary 
concentration (x) profile from a preceding absorption or regeneration, a model 
was developed using finite elements of time and distance (4). 
calculations showed that the E dy/dt term was relatively small and that 
particle phase transfer should control. The void volume term was eliminated 
from Equation 7 and although k a was retained in Equation 6 it was assigned an 
arbitrarily high value so that'the values of the combined term "k a" used to 

Preliminary 

I 

I fit the data were in effect overall particle-phase mass transfer goefficients. 

Figures 3 and 4 show calculated and typical experimental results for a 
t. low-calcium absorption and regeneration respectively. Dead volume in the 

experimental system caused a delay and reduction of the regeneration peak. 

decay slope is matched by the model. 

decrease in diffusivity with absolute temperature to fit the regeneration data 
at 650°C. 
during absorptions or a break in decay slope observed during extended 
regenerations. 
the effect of a trace side reaction such as oxidation (Equation 4 ) .  

1 The data are plotted on an adjusted time scale to show that the regegeration 
A value of 2 X 10- g-moles/cm /sec 

)i 
fitted the low-calcium absorption data at 75OoC and was adjusted for a linear 

The model does not reflect the pre-breakthrough background H2S 

Both phenomena were highly temperature sensitive and may be 

b 

b 
L Slow mass transfer in the SSMS pellets studied probably results from a low 

surface to volume ratio. Loading more porous pellets to a lower degree of 
saturation with molten salt could lead to a significant improvement. 
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PROCESS DESIGN 

C y c l i c  regenera t i on  f o r  s u l f u r  recove ry  and t h e  need t o  i n c l u d e  
contaminant- f ree r e d u c i n g  gas i n  t h e  regenera t i on  feed t o  avoid o x i d a t i o n  of 
s u l f u r  t o  s u l f a t e  suggest  seve ra l  f l owshee t  op t i ons .  The source o f  
regenera t i on  gas, c h o i c e  o f  s u l f u r  recove ry  process, d i s p o s i t i o n  o f  t h e  t a i l  
gas from s u l f u r  recovery,  o p e r a t i n g  temperature and pressure and t h e  use o f  
temperature and/or p ressu re  c y c l i n g  f o r  regenera t i on  a1 1 must be determined. 
This  s e c t i o n  rev iews f l owshee t  development and p r e l i m i n a r y  es t ima tes  o f  
e f f i c i e n c y  and economics w i t h  re fe rence  t o  a s tudy  performed by Stone and 
Nebster Engineer ing Corpo ra t i on  (SirlEC) and suggests a d d i t i o n a l  o p t i o n s  ou ts ide  
t h e  scope o f  t h a t  study. 

--__ FLOWSHEET DEVELCPMENT: 
used temperdture c y c l i n g  t o  e f f e c t  regenera t i on  w h i l e  t h e  seventh used o n l y  
increased C02 and steam content .  
up t h e  regenera t i on  feed. 
a complete d e s c r i p t i o n  o f  t h e  opt ions.  Because exper imenta l  da ta  were 
ob ta ined  f o r  e s s e n t i a l l y  i so the rma l  o p e r a t i o n  d u r i n g  abso rp t i on  and 
regenerat ion,  SWEC added separate hea t ing  and c o o l i n g  cyc les  r e q u i r i n g  two 
beds i n  a d d i t i o n  t o  those  i n  t h e  abso rp t i on  o r  regenera t i on  p o s i t i o n s .  It i s  
l i k e l y  t h a t  t h e  c o o l i n g  and hea t ing  p e r i o d s  can be i nco rpo ra ted  i n t o  t h e  
regenera t i on  c y c l e  e l i m i n a t i n g  t h e  e x t r a  beds. 

Seven f lowsheet  op t i ons  were evaluated by SWEC. Six  

A b lend o f  anode feed and exhaust gas made 
The reader  i s  r e f e r r e d  t o  o u r  f i n a l  r e p o r t  ( 4 )  f o r  

SWEC used commerc ia l ly  a v a i l a b l e  s u l f u r  recove ry  technology which d i l u t e s  
the  su l fu r -bea r ing  r e g e n e r a t i o n  p roduc t  stream w i t h  t h e  a i r  r e q u i r e d  t o  
o x i d i z e  H2S t o  e lementa l  s u l f u r .  As a r e s u l t ,  t h e  energy va lue o f  t h e  CO, H2 
and CH4 i n  t h a t  stream c o u l d  o n l y  be recovered by i n c i n e r a t i o n  t o  r a i s e  
steam. 
recovers CO 
recovery t a i l  gas t o  t h e  FICFC which would recover  the  energy v a l u e  a t  h ighe r  
e f f i c i e n c y .  

Use o f  advanced s u l f u r  recove ry  technology (12)  t h a t  removes and 
and s u l f u r  w i t h o u t  adding a i r  cou ld  a l l o w  r e c y c l e  o f  s u l f u r  2 

The d i f f i c u l t i e s  i n v o l v e d  i n  h e a t i n g  and c o o l i n g  l a r y e  beds o f  sorbent  
cou ld  be avoided by u s i n g  a pressure c y c l e  t o  o b t a i n  t h e  necessary d r i v i n g  
fo rce  for  regenera t i on .  A f t e r  abso rp t i on  a t  t h e  f u e l  c e l l  feed p ressu re  
regenera t i on  cou ld  be per formed w i t h  CO ( f rom a C02 recove ry  u n i t )  and steam, 
b o t h  o f  which cou ld  e a s i l y  be s u p p l i e d  a t  h i g h  pressure. Adding a r e l a t i v e l y  
smal l  amount o f  cooled and compressed f u e l  c e l l  f eed  gas would supply  t h e  
necessary CO and H2. Stone and Webster's f l owshee t  used a swing from 4.4W COP 
and 14.4% steam t o  32.9% C02 and 27.3% steam p l u s  a 126°F temperature swing t o  
e f f e c t  regenera t i on  w h i l e  s u f f e r i n g  a pressure r e d u c t i o n  from 150 t o  110 
Psia. 
and pressure t o  215 p s i a  would more than  compensate f o r  t h e  loss  o f  t h e  
e q u i l i b r i u m  advantage f rom t h e  temperature swing. 
c a p i t a l  cos t  by e l i m i n a t i n g  t h e  i n te r -bed  c o o l e r s  as w e l l  as reduc ing  t h e  
number o f  beds. 
d i l u t i o n  and thermal l osses  assoc ia ted  w i t h  t h e  temperature cyc le .  

EFFICIENCY: The p r i m a r y  reason f o r  cons ide r ing  h o t  gas cleanup i s  increased 
Power generat ion e f f i c i e n c y .  The n e t  power p r o d u c t i o n  e f f i c i e n c y  c a l c u a l t e d  
by SWEC f o r  an i n t e g r a t e d  c o a l  g a s i f i c a t i o n / m o l t e n  carbonate f u e l  c e l l  power 
p l a n t  w i t h  SSMS h o t  gas c leanup was 45.6% o r  7478 Btu/KwH (4) .  
compares w e l l  w i t h  conven t iona l  technology and w i t h  7300 t o  7700 Btu/kWh 

2 

I nc reas ing  r e g e n e r a t i o n  gas steam and C02 con ten ts  t o  about 39% each 

Th is  o p t i o n  cou ld  reduce 

It c o u l d  a l s o  i nc rease  process e f f i c i e n c y  by e l i m i n a t i n g  the  

Th is  f i g u r e  

I : l  

I 
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calculated by Westinghouse (13) for air blown gasification with other 
developmental hot gas cleanup systems. Further improvement is likely upon 
optimization of the coal gasification-SSMS-MCFC system. 

CAPITAL AND OPERATING COSTS: 
SWEC for an integrated coal gasification/MCFC power plant with SSMS hot gas 
cleanup (4). The commercial plant burning 1000 tons/day of coal and producing 
135.9 MW net power had an estimated investment of 216 million dollars. 
Operating costs were estimated for the power recovery, absorption/ 
regeneration. sulfur recovery and incineration sections at 11.8 million 
dollars per year or about one cent per kilowatt-hour. 

The overall investment figure was developed for comparison with other cost 

Capital and operating costs were calculated by 

estimates. The Westinghouse hot gas cleanup study (13) reported total costs 
based on other developmental cleanup systems representing 169 to 188 million 
dollars when adjusted to the same time and scale. SWEC performed detailed 
cost analysis only for sections of the plant directly affected by the SSMS 
system. A more complete process optimization/cost study is in progress. The 
most significant result of the SWEC study is that the absorption/regeneration 
section accounts for 34% of the power plant cost. 
optimization, a reduction in cost o f  the SSMS system by 50% appears possible 
which would make the estimated cost of coal gasification/MCFC power plants 
using SSMS cleanup competitive with the published estimates for other hot gas 
cleanup systems. 

With process and/or sorbent 

, 
( 3 )  

(4) 
I 

J 
! 

(5) 
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Figure 1. Correlation of Carbonate/Sulfide Equilibrium 
with Calcium Content. 
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